We have studied Xenopus tail development from the end of gastrulation to the commencement of outgrowth at the tail bud stage. We show that an early group of genes are expressed at the stage of tail bud determination, at the end of gastrulation, and a late group are expressed at around stage 27 just before tail bud outgrowth. Together, these genes define seven distinct regions of the tail bud as outgrowth commences. We have previously shown that formation of a tail bud depends on the interaction of three tissue regions, called N, M and C, at stage 13. Here we show that expression of the late group of genes is dependent on this NMC interaction. We describe molecular correlates of two of these regions, M and C, which were formerly unobservable and whose existence was inferred from embryological experiments.
Introduction
The Xenopus tail contains the same central core of tissues as the axial trunk, being composed of a notochord and neural tube flanked by paired somites. Although the structures of the tail axis are continuous with those of the trunk, development of the caudal axial pattern takes place over a much longer period and remains poorly understood. It now seems unlikely that the tail forms from a blastema of similar, pluripotent cells, as originally proposed by Holmdahl (1925) . Instead it has become clear that the amphibian tail bud consists of several distinct regions. This has been shown both by fate mapping studies (Bitjel, 1931; Pasteels, 1943; Spofford, 1945 Spofford, , 1948 Chuang, 1946; Smithberg, 1954; Woodland and Jones, 1988) and by studies of gene expression patterns (Gont et al., 1993) .
Similarities between the fate maps of the chick (Catala et al., 1995) , Xenopus (Tucker and Slack, 1995b) and zebrafish (Kanki and Ho, 1997) tail bud regions suggest that the mechanism of tail formation is well conserved in vertebrates, although the contribution of the tail bud to axial structures may vary in terms of the axial level at which it commences. Recently, a model to explain the mechanism of Xenopus tail bud formation has been proposed (Tucker and Slack, 1995a ). The NMC model (Fig. 1C) proposes that three regions around the late blastopore lip are required to initiate tail formation. These are the posterior-most neural plate, fated to form tail somites (M), the neural plate immediately anterior to M (N) and the underlying caudal notochord (C). To initiate tail formation, C must underlie (and presumably signal to) the junction of N and M which subsequently forms the tip of the tail. During normal development, the NMC interaction leading to specification of the tail bud occurs at the end of gastrulation. Outgrowth of the tail bud commences much later, becoming clearly visible by stage 30.
The aim of the present study was to examine in detail the expression of a number of known genes in the tail bud. This information could then be used to establish the total number of regions in the tail bud at the time of outgrowth, to identify possible pathways which might be involved in patterning the tail, and to look for potential molecular markers for the three posterior regions of the late gastrula shown to be involved in tail bud determination. We have shown that during outgrowth of the tail it is possible to define no less than seven domains in the tail bud. Furthermore we provide some molecular evidence for the reality of the M and C regions of the tail bud, previously identified by embryological manipulations. We observe two distinct temporal phases of gene expression in tail development. The early phase involves expression of genes that are already localised in the prospective tail bud region at the end of gastrulation. These early genes remain associated with specific regions of the tail bud throughout tail development. A second, later, phase of expression defining previously unreported regions of the tail bud, begins at stage 27 and correlates with the onset of tail bud outgrowth. By use of experimental manipulations that prevent tail outgrowth or that provoke the formation of supernumary tails, we show that the expression of late phase genes depends on the correct alignment of regions at the stage of initiation.
Results

Anatomy of the Xenopus tail bud
The Xenopus tail is defined as the tissue located posterior to the proctodaeum. In Xenopus, the proximal two thirds of the tail axial tissue is derived from the trunk of the embryo and is displaced into the tail as a result of anterior movement of the proctodaeum during extension of the body. The tail bud itself gives rise to the distal third of the tail (Tucker and Slack, 1995b) . For the description of expression patterns in the tail bud, we use the anatomical nomenclature of Gont et al. (1993) as shown in Fig. 1 . The chordoneural hinge is derived from the dorsal blastopore lip and is continuous both with the ventral midline of the neural tube (floorplate) and the underlying notochord. The posterior wall is formed by closure of the neural tube over the blastopore. This contains most of the mesodermal component of the posterior neural plate and has lateral continuity with the chordoneural hinge. The neuroenteric canal connects the lumen of the neural tube with the hindgut and proctodaeum.
Seven domains of the Xenopus tail bud are defined by two phases of gene expression
The genes which were studied in this report were chosen based on one of two criteria. Transcripts encoding Xwnt3a, Xwnt5a, Xhox3, Xcad3, Xlim1, Xpo and sonic hedgehog (Xshh) have previously been reported in the tail bud, but without precise location (Ruiz-i-Altaba and Melton, 1989; Sato and Sargent, 1991; Taira et al., 1992; Moon et al., 1993; Wolda et al., 1993; Northrop and Kimelman, 1994; Ekker et al., 1995) . Other genes, such as those encoding bone morphogenetic proteins (BMPs) 2 and 4, Xwnt5a, lunatic fringe, X-Notch-1 and X-delta-1 and -2 were chosen because of their possible association with other systems involving distal outgrowth (Coffmann et al., 1990; Dale et al., 1992; Jones et al., 1992; Chitnis et al., 1995; Jen et al., 1997) . A previous study by Gont et al. (1993) presents data for tail bud localisation of the Xenopus transcription factors, Xbra and Xnot2. These two genes were included here as positive controls and as domains of reference for the other genes studied. The expression of several genes in the tail bud is summarised in Table 1 . By comparing the expression patterns at the time of tail bud initiation (stage 13) and early extension (stage 30), we can define two groups of tail bud genes. We refer to these as early and late genes.
Early genes
The first group of genes are already expressed in the tail bud region before its determination at stage 13 and are subsequently restricted in the extending tail bud by stage 30 (Fig. 2) . This group, the early genes, includes the Notch ligand X-delta-1 (Chitnis et al., 1995) , the lim domain homeobox factor Xlim1 (Taira et al., 1992) , the T-box factor Xbra (Smith et al., 1991) , the homeobox factor Xnot2 (Gont et al., 1993) and Xcad3, a member of the caudal family (Northrop and Kimelman, 1994) . X-delta-1 is expressed specifically in the posterior wall of the neuroenteric canal but is excluded from the chordoneural hinge at stage 30, thus maintaining its earlier expression in the lateral and ventral blastopore lips ( Fig. 2A-C) . Xlim1 is expressed in the notochord and dorsal blastopore lip at the end of gastrulation, and is maintained in the chordoneural hinge and the posterior tip of the differentiated notochord in later stages ( Fig. 2D-F) . Xnot2 is expressed in the ventral neural tube and chordoneural hinge, but not in the posterior notochord ( Fig. 2G-I ). The posterior notochord therefore represents a novel tail bud region by stage 30, marked by Xlim1 but not Xnot2 transcripts, whereas the posterior ventral neural tube is marked by Xnot2 but not Xbra or Xlim1 expression. Xbra is expressed in the chordoneural hinge and posterior wall (Fig. 2G-L) . Xcad3 expression in the posterior neural plate is later maintained in the posterior wall and posterior dorsal neural tube ( Fig. 2M-O) . Xpo is expressed in all tissues of the tail bud with the exception of the chordoneural hinge, and is also expressed in the fin and epidermis (Table 1) . It is not shown in Fig. 2 because the staining due to epidermal expression obscures the internal regions.
Late genes
Unlike the early genes, the regional expression of the second group of genes in the extending tail bud can not be traced back to the stage of tail bud initiation. These genes have a late onset of localised expression in the tail bud, corresponding to the beginning of tail outgrowth (stage 27), although they may be expressed elsewhere in the embryo at stage 13. Expression of the late genes is not exclusive to the tail bud, anterior domains of expression were also observed for all the genes studied here. The tail fin and two previously undescribed regions of the Xenopus tail bud are defined by the expression of late genes (Fig. 3) . The dorsal roof domain of the tail bud is marked by expression of Xwnt3a (Fig. 3A-D) and lunatic fringe (Fig. 3E-H) . The posterior extent of the dorsal roof region is marked by a sharp limit of Xwnt3a and lunatic fringe expression within the posterior wall which corresponds to the future tip of the tail bud. In contrast, the expression of these genes fades gradually towards the anterior limit. Although the posterior boundaries match exactly, expression of lunatic fringe extends further towards the anterior than that of Xwnt3a and longer reaction times reveal staining along the whole Table 1 Summary of expression domains in the stage 30 tail bud
Abbreviations: Fin, dorsal and ventral tail fin; DR, dorsal roof (posterior dorsal neural tube extending to the tail tip); T, region of the posterior wall corresponding to the distal tip of the tail bud; PW, posterior wall of the neuroenteric canal; CNH, chordoneural hinge; VNT, ventral posterior neural tube; PNC, posterior notochord anterior to chordoneural hinge; MH, posterior region of the chordoneural hinge corresponding to axial M region; E, early genes which are expressed at the time of tail bud initiation and appear restricted later as a consequence; L, late genes which are first expressed in the tail bud at the time of extension; ++, strongly expressed; +, expressed; −, not expressed. a Xenopus FGF-3 (int-2) expression described in Tannahill et al. (1992) , eFGF in Isaacs et al. (1995) and FGF-8 in Christen and Slack (1997) .
neural tube (Fig. 3E) . A second member of the wnt family of genes is also expressed in the same region as Xwnt3a in the stage 30 tail bud (see Table 1 ). Xwnt5a expression is weaker than that of Xwnt3a but is restricted to an identical region of the tail bud roof. Wnt5a belongs to a different receptor specificity class to wnt3a (Moon et al., , 1997 . Expression of the late genes in the dorsal roof first becomes apparent at the onset of tail bud outgrowth at stage 27 and is maintained throughout extension of the tail. A second novel late region is the distal tip of the tail, which comprises part of the posterior wall and is marked by expression of Xhox3 (Fig. 3I-L) . Xhox3 expression therefore marks the most distal cells of the tail bud. Xhox3 was the first identified vertebrate homologue of the Drosophila pair rule gene evenskipped (eve), and encodes a homeobox protein expressed in the posterior mesoderm at the end of gastrulation (Ruiz-i-Altaba and Melton, 1989; Ruiz-i-Altaba, 1990) . At this stage, Xhox3 is expressed in the ventral lip but is excluded from the more dorsolateral regions (not shown). By stage 30 Xhox3 expression is found in the posterior tip of the tail, which corresponds to part of the posterior wall of the neuroenteric canal ( Fig. 3I-L) . A second region of expression, arising from the ventral lip of the blastopore, marks a row of cells running from the base of 
the budding tail to the proctodaeum. Expression persists in both of these regions until the end of tail development and is still visible by stages 38-40 (not shown).
A third group of late genes, including BMP-4 (Fig. 3M ), X-serrate-1 (Fig. 3N) and BMP-2 (as BMP-4, not shown) are expressed in the fin rather than the tail bud itself. The wnt genes Xwnt3a and Xwnt5a are also expressed in the fin (Fig. 3C,D) .
Genes involved in activation of the Notch signalling pathway are expressed in the posterior wall of the tail bud
In Drosophila embryogenesis, fringe acts to restrict activation of the Notch pathway to the dorsal-ventral wing margin (Panin et al., 1997) A similar role may exist for radical fringe in the chick limb bud (Laufer et al., 1997; RodriguezEsteban et al., 1997) . Having observed restricted expression of the lunatic fringe gene in the extending tail bud we were interested in the possibility that Notch signalling components might also be expressed. Two homologues of the Notch ligand delta have been identified in Xenopus (Chitnis et al., 1995; Jen et al., 1997) . During tail extension, X-delta-1 is expressed strongly in the posterior wall and weaker expression is seen in the caudal-most somite (Fig. 2B, C and 4C, D) . Its expression in the posterior wall coincides with that of Xbra (Fig. 4A,B) . X-delta-2 expression is most obvious in the posterior somite but there is also weak expression in the posterior wall (Fig. 4E) . X-Notch-1 is expressed along the whole of the trunk as well as in the tail, although within the tail bud it is restricted in a similar manner to that of X-delta-1 (Fig. 4F) . The anterior limit of X-delta-1 and X-delta-2 does not coincide with the posterior boundary of lunatic fringe and Xwnt3a. The small overlap of fringe and delta expression corresponds to the future tip of the tail.
Xcad3 expression marks the peripheral tissues of the extending tail bud before histological differentiation
The transcription factor Xcad3, a homologue of Droso- phila caudal, is exclusively expressed in the posterior of the Xenopus embryo during the gastrula stages and persists in the tail bud and proctodaeum (Northrop and Kimelman, 1994; Pownall et al., 1996) (Fig. 2N-O) . By the end of gastrulation Xcad3 is strongly expressed in the posterior half of the neural plate (Fig. 2N ). Underlying this neural expression is a weaker, transient, mesodermal expression in the posterior notochord as revealed in transverse section and whole mount embryos from which the neural plate has been removed by prior treatment with proteinase K (Fig. 5A,B) . At this stage Xbra and Xnot2 mark the whole length of the notochord (Fig. 2G,J) . In contrast, Xcad3 expression is only detectable in the posterior half of the notochord and Xcad3 is therefore a candidate for an early molecular marker of the C region.
Xcad3 expression in the tail bud persists until the end of tail extension but is restricted to a posterior region of decreasing size. By stage 30, it forms a gradient in the neural tube with highest levels in the tail bud, diminishing about halfway along the central nervous system. By stage 32 expression is strongest in the forming tail dorsal neural tube and posterior wall of the tail bud ( Fig. 5C-F) . Transcripts are absent from the chordoneural hinge, notochord and ventral neural tube, the areas occupied by Xnot2. Xcad3 is not expressed in the presomitic mesoderm anterior to the point where the lumen of the neural tube becomes visible. However, expression persists in a few cells at the dorsal tips of the tail somites and the adjacent dorsal neural tube (Fig.  5G,H) . Anterior to the proctodaeum, expression in these cells becomes harder to detect and is gradually lost in more anterior sections.
The chordoneural hinge gene Xlim1 is not expressed at the posterior tip of the hinge
In addition to Xbra, other genes are expressed in the chordoneural hinge (Figs. 2D-L and 6 ). The expression of the divergent homeobox gene Xnot2 in the Xenopus tail bud has been previously described (Gont et al, 1993) . Xlim1 is also expressed in the chordoneural hinge but not in the ventral neural tube, although low levels of transcripts are detected in the posterior notochord (Fig. 6C,D) . Interestingly, in sagittal sections Xlim1 transcripts are severely reduced or absent at the tip of the chordoneural hinge, in a region which corresponds to the late axial component of the M region, involved in tail bud initiation. This region is continuous with the posterior wall which, according to the NMC model (Tucker and Slack, 1995a , see also Fig. 1 ) also descends in part from M and lacks Xlim1 transcripts. The chordoneural hinge also expresses high levels of the Xenopus hedgehog homologue, Xshh (Fig. 6E,F) . Xshh is also expressed in the midline anterior to the tail bud, in the floorplate of the neural tube, the notochord and the endoderm underlying it (Ekker et al., 1995) (Fig. 6E,F) .
Expression of late tail bud genes in exogastrulae
To investigate the proposition that patterning of the tail bud at stage 30 is directed by the events of tail bud determination at stage 13, we have examined the expression of several early and late tail bud genes in exogastrulae. These are embryos in which the mesoendoderm moves outside and away from the ectoderm instead of moving inside the embryo and towards the anterior. Exogastrulae are well patterned with organised axial tissues: notochord and flanking somites are joined posterior to posterior with the ectodermal sac (Ruiz-i-Altaba, 1992) . These embryos do not develop a tail, since the regions that initiate tail bud formation are unfolded and the conjunction of the N, M and C regions is not achieved (see Fig. 7A ). It has been previously shown that the early tail bud markers Xbra and Xnot2 are expressed in the waist region of the exogastrula (Tucker and (E) X-delta-2 expression is primarily in the most posterior somite (*) but is also weakly expressed in the posterior wall. As for Xdelta-1, expression is lacking from the dorsal roof of the tail bud. (F) XNotch-1 is expressed widely in the tail bud but is excluded from the same region of the dorsal roof as X-delta-1 and X-delta-2. All figures are oriented with posterior to the right and dorsal upwards. Abbreviations: cnh, chordoneural hinge; end, endoderm; nc, notochord; nt, neural tube; pw, posterior wall. Slack, 1995a) . In the present study we have examined the expression of the late genes in normal embryos and in exogastrulae during the time when the tail bud begins to extend. We have found that they are not expressed at all in the region of the exogastrula corresponding to the unfolded tail bud forming region, or the chordoneural hinge. The early genes Xnot2 and Xcad3 are expressed in the hinge region of exogastrulae (Fig. 7 B,C) . In contrast, we show that Xwnt3a is absent from the exogastrula at control stage 32 (Fig. 7D) , as is Xhox3 (Fig. 7E) . This demonstrates that the normal, tail bud determining, NMC configuration is required for the onset of late expression in the tail bud. Both the dorsal roof (Xwnt3a) and distal tip (Xhox3) domains of the tail bud therefore arise as a consequence of the NMC interaction.
Expression of late genes in ectopic tails
Finally, we wished to know whether the orientation of regions in the forming tail bud could affect subsequent patterning of the late genes in the predicted manner. Rotation of the posterior neural plate at stage 14 (600 × 600 mm, Tucker and Slack, 1995a) was used to generate two tail buds with opposing polarity of the N and M regions (Fig. 8A-D) . By stage 30, around two thirds of the manipulated embryos developed two distinct tail buds. These embryos were then used to compare the expression of late genes in tails generated from wild type (NM) and reverse polarity (MN) junction regions. Fig. 8E shows the expression of lunatic fringe, Fig. 8F shows the expression of Xwnt3a and Fig. 8G shows the expression of Xcad3. In each case, the dorsal-ventral polarity of gene expression in the ectopic tail bud was reversed compared with the normal tail bud. This demonstrates the dependence of late genes expressed during extension of the tail on the earlier patterning events occurring during tail bud initiation. Although we have not classified Xcad3 as a late gene because of its extensive posterior expression in the early stage, the retention of expression in the late configuration likewise depends on the early interaction.
Discussion
Molecular evidence for the M and C regions of the tail bud
Initiation of the Xenopus tail bud depends on the correct alignment of three regions in the posterior of the late gastrula embryo (Tucker and Slack, 1995a) . These are the neural plate (N), the posterior-most region of the neural plate, which is mesodermal (M) and the underlying posterior notochord (C). To initiate a tail bud, C signals to the overlying NM junction which subsequently forms the tip of the tail (Fig. 1) . The neural plate from anywhere along the A-P axis can form N (Tucker and Slack, 1995a) . However, M and C appear to be regions specific to the posterior. The initial aim of this study was to look for the specific expression of genes in the M and C regions of the tail bud. Our results do not reveal any markers with restricted expression uniquely restricted to either M or C at the stage of tail bud determination. However, it is likely that the properties of these regions are defined by unique combinations of gene activity rather than by the expression of individual genes. Our results do provide evidence for the existence of distinct domains in the positions predicted for C and M. The restriction of Xcad3 and Xlim1 transcripts to the posterior of the notochord in the early neurula demonstrates that the posterior part of the notochord differs from the rest, corresponding to the C region. Although we still cannot visualise M at stage 13, the absence of expression of Xlim1 at the tip of the chordoneural hinge during outgrowth indicates the presence of a residual M domain in the hinge. These results strongly support the NMC model by demonstrating the reality of these two territories, formerly postulated on the basis of embryological experiments alone.
The developing tail bud contains seven distinct domains defined by different combinations of gene expression
A previous study of Xnot and Xbra expression in the Xenopus tail bud provided evidence of three separate domains established at the time of tail bud formation and maintained in the derivatives of these domains during subsequent outgrowth (Gont et al., 1993) . These are the chordoneural hinge (CNH in Fig. 9 ), which expresses both Xbra and Xnot2, the posterior wall of the neuroenteric canal (PW in Fig. 9 ) which expresses Xbra but not Xnot2, and the ventral neural tube (VNT in Fig. 9 ) which expresses Xnot2 but not Xbra. We have extended this study using a wide range of genes and can identify four further domains present during early extension of the tail (Fig. 9) . As more candidate genes are identified, it is possible that further regionalisation within the tail bud will be uncovered. However, the expression patterns of all the genes used in this study corresponded to one or more of the seven domains (summarised in Table 1 ). As for all in situ hybridisation studies, these regions are defined in terms of gene expression and therefore predict, but do not assure, the presence of active protein or its limitation to within the domain.
The first novel domain extends from the posterior dorsal neural tube to the tip of the extending tail which resides in the posterior wall of the tail bud. This region, which we call the dorsal roof of the tail bud (DR in Fig. 9) , is marked by the expression of mRNAs encoding the secreted proteins lunatic fringe, Xwnt3a and Xwnt5a. In the mouse, wnt3a, wnt5a and wnt5b are the only wnt genes expressed in the tail bud (Takada et al., 1994) , suggesting a probable conserved function in vertebrate tail development. The second novel domain is the part of the posterior wall that forms the distal tip of the tail as determined by its direction of outgrowth (T in Fig. 9 ). This domain is marked by a single gene, Xhox3. The third domain marks the posterior tip of the chordoneural hinge, corresponding to the late axial component of the M region (MH in Fig. 9 ), which expresses Xbra but is distinguished from CNH by a lack of Xlim1 expression. The final novel domain is the posterior notochord (PNC in Fig. 9 ), marked by expression of Xlim1 but not Xnot2. We also note that the posterior wall domain which was shown by Gont et al. (1993) to be Xbra positive and Xnot2 negative is marked specifically by X-delta-1, confirming its identification as a separate domain.
In addition to the axial tail bud domains we have shown that several genes are expressed in the cells of the fin. These include Xwnt3a, Xwnt5a, Xpo, BMP-2, BMP-4 and X-serrate-1. Although we have not classified it as a domain of the tail bud, the fin domain is adjacent to the DR, T and midline PW domains of the tail bud. Fin genes may therefore play a role in patterning the tail. 
Late gene expression in the tail bud depends on the NMC interaction
We have defined two groups of tail bud genes based on their temporal expression. Expression of early genes is already localised within the tail bud region as it becomes determined, and are retained there during subsequent extension of the tail. In contrast, late genes begin to be expressed, or acquire new expression patterns, at the onset of tail bud outgrowth and are then maintained until the end of tail extension. We have shown that the late expression patterns arise only if the tail bud has been determined by an NMC interaction at the late gastrula/early neurula stage. In exogastrulae, where the NM junction is separated from C, the early genes are expressed in the waist region but the late genes are not. In supernumary tail buds, induced by neural plate rotation, the late patterns do become initiated but have an inverted polarity, appropriate to the inverted NM junction created by the graft.
The juxtaposition of expression domains in the extending tail bud shows similarity with other outgrowth systems
We have shown that late gene expression patterns identify a novel domain, the dorsal roof of the tail bud, and that this arises at around the time of tail bud outgrowth. Expression of lunatic fringe and two members of the wnt family of genes extends to the tip of the tail bud, ending sharply at the future distal tip of the tail. The possible significance of this molecular boundary of fringe expression is suggested by work in other systems. Restricted expression of fringe in the dorsal compartment of the Drosophila wing disc causes activation of Notch in a strip of cells along the dorsal-ventral boundary via reciprocal effects on the Notch ligands, serrate and delta (Fleming et al., 1997; Panin et al., 1997) . This boundary subsequently directs outgrowth, forming the distal tip of the wing. Recent reports of vertebrate limb bud development imply that a similar pathway may be involved in setting up the apical ectodermal ridge (AER), which forms at the dorsal ventral margin and mediates outgrowth of the limb (Laufer et al., 1997 ; reviewed by Johnson and Tabin, 1997; Rodriguez-Esteban et al., 1997) . Our results suggest that a similar mechanism may direct outgrowth of the tail in Xenopus, as opposing domains of X-delta-1/XNotch-1 and lunatic fringe form a discrete overlap in the future distal tip of the tail, and this possibility is currently under investigation.
The distal tip is defined by Xhox3 expression
Analogy with other outgrowth systems also leads us to expect localised expression of genes controlling outgrowth in the distal tip of the tail. Expression of the Xhox3 gene is restricted to the distal tip of the posterior wall, corresponding to the region of the fringe-delta overlap. This would be the expected pattern of expression of a gene turned on by a short range signal originating at the fringe boundary. There is some existing evidence linking eve homologues to outgrowth. Chick evx-1 has been shown to activate expression of the cytotactin gene which encodes an extracellular matrix molecule involved in the control of cell shape, migration and division (Jones et al., 1992) . Furthermore, the murine homologue evx-1 has been shown to be expressed in the distal limb mesenchyme, under the control of FGFs (Niswander and Martin, 1993) . Interestingly, Zebrafish eve-1 is expressed in a tail bud domain apparently identical to that of its Xenopus homologue Xhox3 (Joly et al., 1993) , but, unlike Xhox3, eve-1 is not expressed in the anterior. This may suggest that the evx-1 gene has an ancestral role in tail bud patterning and that other functions were acquired more recently.
Methods
Whole mount in situ hybridisation.
Embryo collection and culture was as described by Godsave et al. (1988) . Whole mount in situ hybridisations used the method of Harland (1991) with modifications as detailed by Pownall et al. (1996) .
In situ hybridisation to cryosections
The method used to collect frozen sections for in situ hybridisation was essentially as described by Strähle et al. (1994) . Wild type Xenopus embryos were fixed in freshly made BT fix (4% paraformaldehyde, 4% sucrose, 0.12 mM CaCl 2 , 0.1 M NaPO 4 , pH 7.4) for 1 h and rinsed twice for 15 min in BT fix buffer (without paraformaldehyde) before embedding in 1.5% noble agar (Difco) and 5% sucrose. Blocks were trimmed and incubated overnight in 30% sucrose and 0.1% sodium azide at 4°C. Frozen sections (15 mm) were cut using a cryostat (Shandon), placed in sequential order on TESPA (3′ aminopropyl-triethoxy silane, Sigma) subbed slides and allowed to dry overnight. Probe (100 ml), in hybridisation buffer as for whole mounts, was added to slides before coverslipping and incubating overnight at 65°C in a humidified chamber. Non-hybridising probe was removed by two 15-min washes in 2× SSC, 50% formamide at 65°C followed by two 30-min washes in 1× SSC, 25% formamide at 65°C. The sections were then blocked, incubated with anti-DIG fab fragments (Boeringher Mannheim), washed and stained as for whole mounts. After staining the sections were washed in 10 mM EDTA and, counterstained in 0.05% methyl green (BDH), dehydrated, and cleared with histoclear before mounting in DPX (BDH).
Production of exogastrulae
Xenopus embryos were staged according to Nieuwkoop and Faber (1967) . Embryos were cultured in NAM, manually de-membranated at stages 7-8 and placed vegetal pole upwards on dishes lined with 2% noble agar made up in NAM. After overnight culturing at 24°C successful exogastrulae were placed in NAM/2 and cultured until control stages 30-34 before fixing for in situ hybridisations.
Manipulations of the neural plate.
Neural plate rotations were carried out as described by Tucker and Slack (1995a) . Stage 14 embryos were transferred into NAM containing 10 mg/ml type IX trypsin (Sigma) and a region of the neural plate corresponding to a 600 × 600 mm square located less than 100 mm from the blastopore was removed, rotated 180°and replaced. The graft was allowed to heal for 20 min in NAM containing 20 mg/ml trypsin inhibitor (Sigma) before transferring to NAM/2 for culturing to control stages 30-32.
Preparation of probes for in situ hybridisations
Antisense digoxygenin labelled probes were prepared as described by Harland (1991) . Xbra probe was transcribed using T3 from ClaI restricted Xbra-pSP73 (Smith et al., 1991) . Xnot2 probe was transcribed using T7 from EcoRI linearised Xnot2-E13 (Gont et al., 1993) . Xcad3 probe was transcribed using T7 from EcoRI linearised Xcad-400 (Pownall et al., 1996) . Xwnt3a probe was transcribed using SP6 from Cla I linearised Xwnt3a-XP2 (Wolda et al., 1993) . Xwnt5a probe was transcribed using SP6 from EcoRI linearised Xwnt5a-XP17. Xlim1 probe was transcribed using T7 from XhoI linearised pXH32 (Taira et al., 1992) . Lunatic fringe probe was transcribed using T3 from Hinc II linearised cDNA (Wu et al., 1996) . X-delta-1 probe was transcribed using T7 from XhoI linearised cDNA (Chitnis et al., 1995) . X-delta-2 was transcribed using T3 from SalI linearised cDNA (Jen et al., 1997) . X-Notch-1 was transcribed using SP6 from ClaI linearised cDNA (Chitnis et al., 1995) . Xhox3 was transcribed using T7 from DdeI linearised cDNA (Saha and Grainger, 1992) . Xshh was transcribed using T7 from BglII linearised cDNA (Ekker et al., 1995) .
